The ability to control the assembly of nanoparticles on substrates used in plasmon-enhanced spectroscopy continues to drive research in the field of nanofabrication. Here we describe the use of fungi as soft biotemplates to fabricate nanostructured microtubules with gold and gold-silver nanoparticles with potential applications as sensors and biosensors. In the first step, spores of the filamentous fungus Cladosporium sphaerospermum were inoculated in a suspension of gold nanoparticles, forming stable microtubules of gold nanoparticles during fungus growth. These materials were exposed to a second suspension of silver nanoparticles, resulting in complexes multilayers structures of gold and silver nanoparticles, which were evaluated as substrates for surface-enhanced Raman scattering (SERS) using small amounts of thiophenol as probe molecules directly on the microtubules. Both gold and the gold-silver substrates provide the SERS effect.
Introduction
Gold and silver nanoparticles exhibit unique optical properties [1] [2] [3] that make them extremely useful for applications in nanoscience and nanotechnology [4, 5] . In particular, gold nanoparticles have many applications in daily life, and because of their facile synthesis, easy surface functionalization, chemical stability, and biocompatibility, they have been widely used to build different nanostructured assemblies [6] [7] [8] . Silver nanoparticles, on the other hand, are popular in biomedicine because of their antimicrobial activity against several bacteria, fungi, protozoa, and certain viruses [9] . Over the last decade, new methods were developed to minimize the use and generation of hazardous substances, particularly for the synthesis of silver nanoparticles using plant extracts or juices [10] . These green routes provided a huge number of reducing and stabilizing agents [11] , which opened the possibility to form new hybrid materials that combine the structural specificity of biological systems with the properties of metallic nanoparticles [12] . Several biological structures have been used as effective biotemplates for the synthesis of noble metal nanoparticles, [13, 14] , usually aiming to obtain nanoparticles with a fine shape control and sharp size distribution. For instance, viruses offer an excellent pattern for highly reproducible nanostructures of huge versatility [12, 13, 15, 16] , while nanoparticles of different shapes or sizes can be self-assembled into 3D molecular dynamical structures of proteins or DNA that exhibit reconfigurable functionalities controlled by external stimuli [14] .
Since gold and silver nanoparticles exhibit strong plasmon absorption bands tunable in the visible spectral region [17, 18] , they have become one of the most commonly material used in plasmonics, ultrasensitive detection, and surface-enhanced Raman spectroscopy (SERS) [19, 20] . Although the synthesis of such small colloidal nanoparticles is relatively easy, assembling them on substrates in an ordered fashion can be challenging. Recently, hybrid structures consisting of microorganisms covered with inorganic particles have received much attention as versatile templates for the organization of nanostructured functional materials on a large scale [21, 22] . The focus on the use of wet chemistry to obtain nanostructured materials is an attempt to explore the stability of colloidal nanoparticles to study hybrid materials. There are several examples regarding the use of living templates for noble metal nanoparticles, such as fungus [22, 23] , yeast [24] , viruses [18] , or supramolecular structures of biological origin [25] .
Indeed, SERS sensitivity strongly depends on the optical properties of the substrate. In this context, the simultaneous attainment of good reproducibility and high-enhanced factors are key challenges in the development of improved substrates for SERS analysis [26] . Generally, SERS substrates consist of a nanostructured surface of gold or silver obtained by chemical or physical methods. Several techniques allow tuning the characteristics of surfaces for SERS, for instance through lithographic methods, precipitation from colloidal suspensions, or by the physical vapor deposition of metals on a nanostructured surface of silicon or ZnO [27] . Anisotropic metal nanoparticles, on the other hand, offer the possibility of creating "hotspots" of enhanced activity [26, [28] [29] [30] [31] [32] [33] .
In this study, we used fungi as biotemplates to obtain self-assembled systems of gold and gold-silver nanoparticles that formed stable mesostructures with potential use as biosensors via SERS. Interestingly, microtubules fabricated exclusively with gold nanoparticles showed a uniform morphology and a smooth surface of controlled thickness, while microtubules fabricated with gold and silver nanoparticles exhibited a much rougher surface with superior potential as a substrate for SERS.
Materials and Methods

Synthesis
We used all of the chemicals as received without any further treatment. Gold nanoparticles (AuNPs) were synthesized using 100 mL of an aqueous solution of HAuCl 4 (1.0 mmol·L −1 , 99.9%, Sigma-Aldrich, São Paulo, Brazil) and deionized water at 90 • C. Then, 1 mL of a sodium citrate solution was added (0.30 mol·L −1 , Na 3 C 6 H 5 O 4 ), resulting after 12 min in a stable red colloidal suspension of AuNPs. Silver nanoparticles (AgNPs) were synthesized similarly using 100 mL of an aqueous solution of AgNO 3 (1.0 mmol·L −1 , 99.9% Sigma-Aldrich) at 95 • C followed by the addition of 1 mL of a sodium citrate solution (0.30 mol·L −1 ), which resulted in a stable yellow suspension of AgNPs after approximately 12 min.
Formation of the Microtubules
Two different hybrid materials were prepared and characterized. The first material (hereafter referred as FG, which is an abbreviation of "fungus and gold") was obtained by covering the filamentous fungus exclusively with gold nanoparticles, and the second material (referred to as FGS, which means "fungus, gold, and silver") was prepared by depositing a second layer of silver nanoparticles on the first layer of gold. To prepare the first material, spores of the fungus Cladosporium sphaerospermum were introduced into 200 mL of a colloidal suspension of AuNPs [22] . After this inoculation, the culture media were stored for two months at room temperature and protected from light. During this period, fungi grew continuously until it achieved a size of 2 mm, suitable for use in SERS, and, simultaneously, AuNPs adhered on their walls. Half of this material, consisting of fungus-AuNP microtubules, were deposited in a silicon plate (111) and dried at room temperature in a desiccator for several days before characterization. To obtain the second material, the aqueous solvent was partially removed from the remaining FG material, taking care to keep the mycelial mass wet, and transferred to 200 mL of a colloidal dispersion of AgNPs, which adhered on the surface of gold microtubules, forming a complex microtubule of fungus-AuNP-AgNP (FGS). The FGS sample was also isolated and dried at room temperature for several days before characterization, which caused the fungus death.
Characterization
Gold and silver nanoparticles were deposited on silicon by casting their respective colloidal suspensions at room temperature to be characterized by X-ray diffraction (Rigaku Dmax 2500PC diffractometer operating at 40 kV and 40 mA, Rigaku, Tokyo, Japan) with CuKα radiation in 2θ range from 20 • to 120 • . The UV-Vis spectra of gold and silver suspensions were obtained from 190 to 800 nm using a UV-Vis spectrophotometer (JASCO V-660, Jasco, Halifax, NS, Canada). Scanning transmission electron microscopy (STEM) images of the nanoparticles were recorded at 20 kV (FEG Zeiss Supra 35-VP, Zeiss, Jena, Germany). To collect STEM images, gold and silver colloids were dripped on copper grids of 400 mesh (PELCO ® ), and the solvent evaporated at room temperature. Scanning electron microscopy (SEM) (FEI Company, Hillsboro, OR, USA-XL30 FEG) images were obtained using nanoparticles and microtubules deposited on a silicon plate (111). The contacts between the sample and the support were formed with conductive silver ink (Degussa). Histograms were constructed using the public domain ImageJ image processing software (version 1.50, National Institute of Health, Bethesda, MD, USA).
Surface-Enhanced Raman Spectroscopy (SERS)
The SERS activity of fungus-AuNP (FG) and fungus-AuNP-AgNP (FGS) microtubules were obtained by dipping them in a diluted solution of thiophenol (1 × 10 −4 mol·L −1 ) for 5 min. Using the same conditions, the spectrum of the substrate that supported the microtubules was used as a control to determine the enhancement factor of the FGS substrate for the thiophenol molecules [31, 32] . The control spectrum was taken with laser powers of 1.2 mW and 2.5 mW to obtain a substantial signal of the Raman scattering of thiophenol. The presence of gold and silver was confirmed using energy dispersive spectroscopy (EDS), which indicated close values in the weight percent of both nanoparticles. Raman and SERS data were collected using a micro-Raman Renishaw InVia system with laser excitation at 633 nm and a power of 245 µW at the sample. Spectra were collected in a backscattering geometry using a 50× microscope objective, where the probing area was ca. 1 µm 2 . The measurements were collected as 2D mappings of a computer-controlled, three-axis encoded (XYZ) motorized stage.
Results
The first experiment aimed for the formation of the FG microtubules. After the germination of the spores, monodispersed AuNPs of 25 nm began to self-organize on the surface of the hyphae, forming a reddish purple macroscopic material. This material was separated from the aqueous media without any observed mechanical damage. The sequence of images in Figure 1 shows the colloidal suspensions after 2, 30, and 45 days of incubation, illustrating the fungal growth during the experiment. A decrease in the red color of the media was evident after 60 days of incubation and the concomitant formation of the FG hybrid material.
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Discussion
Compared to organic synthesis, where a virtually endless number of molecules can be synthesized by means of well-established techniques, controlling the assembly of atoms into nanocrystals is still a challenge. Chemical reactions involved in the synthesis of stable colloidal nanocrystals often appear to be simple; however, mechanisms of nucleation and growth are complex and demand new and creative solutions [36, 43] . Depending on the synthesis route, nucleation mechanisms may take completely different pathways. The key to obtaining very small nanoparticles is a high density of nuclei at the beginning of the process, consuming as much of the available precursor as possible [36, 44] . Each noble metal presents particular characteristics, and specific strategies of synthesis should be developed to obtain particles of different compositions and shapes. Gold, for example, is reduced almost completely, which makes it possible to control the particle size without the use of any special technique, while only a fraction of silver ions is reduced under mild conditions, leading to a broad particle size distribution [36] .
The main issue in nanotechnology is the development of conceptually simple construction techniques for the fabrication of identical structures [45] . Nature builds incredibly complex and functional structures that can inspire new strategies of synthesis. Recently, the self-assembly of non-molecular components began to show potential for forming technologically useful structures. In this sense, it is particularly challenging to fuse biotechnology with chemistry to take advantage of biological components improved by evolutionary development [12, 15, 46] . Microorganisms, including viruses, bacteria, and fungi, grow in unique and interesting structures that can be combined with the functional properties of noble metal nanoparticles to generate new smart materials [13, 16, 22, 23] . Usually, it is necessary to modify the surface of nanoparticles in order to increase their affinity for the mycelium [47] . However, in this study, we successfully exposed the fungi directly to colloidal suspensions of unmodified gold and silver nanoparticles, resulting in a stable hybrid material [22] . Filamentous fungi can trigger some biochemical processes in response to environmental stresses, which include the presence of Ag or Au nanoparticles in the growth media. Consequently, fungi can excrete several metabolites that are responsible for the formation of microtubules on their surface [22] . Evidently, it happens exclusively in live fungus. In fact, we observed that once isolated and dried, using for instance a freeze-dryer or simply by keeping the material inside a desiccator for several days, the fungus biotemplate lost its capacity to form new microtubules. On the other hand, both FG and FGS materials kept their mechanical stability after being dried, which allowed manipulating them with simple laboratory tweezers without any sign of degradation, even after several months. The SEM images of Figure S8 (in Supplementary Material) show with details how the microtubule is formed of several layers of gold nanoparticles.
It is now accepted that the electromagnetic enhanced mechanism is largely responsible for the SERS effect [48] . Although the contact between the analyte molecule and the substrate is not required, they should be within a certain distance from each other, which could vary from a few angstrons to tens of nanometers, in order for the SERS effect to occur. Molecules far from the substrate surface will not exhibit any enhanced signal [49] , which explains the intense SERS spectra of thiophenol on the external surface of microtubules without the interference of fugus metabolites present inside the microtubules.
Thiophenol has been widely used as a molecular probe to determine the suitability of substrates for SERS and to estimate an enhancement factor due to the affinity of the thiol group (R-SH) toward noble metal surfaces [32, 33] . Generally, its adsorption on gold or silver proceeds by releasing hydrogen after breaking the thiol bond. Although thiophenol molecules are intact in the gas phase, in solution they may be either intact or ionized depending on the pH. Table 1 shows the assignments of thiophenol [41, 42, [50] [51] [52] and their characteristic vibrations observed in the SERS spectra of Figure 4 using FG and FGS substrates. Notably, S-H stretching (2566 cm −1 ) and S-H bending (917 cm −1 ), which are present in the conventional Raman scattering (RS) spectra, disappeared in the SERS spectra of Figure 4 , indicating the chemisorption of thiophenol through the rupture of the S-H bonds. Comparing the RS spectra of thiophenol reported in the literature with the SERS spectra of thiophenolate shown in Figure 4 (a2 (FG),b2 (FGS)), it is evident that these SERS spectra are dominated by the symmetric a1 vibrational modes, which are normal modes with polarizability derivative components in the molecular plane. The results are in agreement with the reported SERS spectra observed by Joo et al. [41] and by Carron and Hurley [42] . For instance, the band at 1575 cm −1 , assigned to C=C ring stretching, is less intense than the band at 1000 cm −1 in the conventional RS spectrum [42] , but appears as the most intense band in the SERS spectra obtained using FG and FGS substrates. Notably, the SERS spectra of thiophenolate using the biotemplate indicates that these new substrates based on hybrid materials are suitable to fabricate sensor devices on a large scale because of their facile production. The chemisorption takes place with the formation of the Au-S bond. Since the in-plane modes have the highest relative intensity, as can be seen in the SERS spectra of Figure 4 , it can be said that the orientation of the thiophenolate is perpendicular to the surface of gold [42] .
The optimization of substrates for SERS based on bimetallic nanoparticles is the subject of specialized studies [53] , and several parameters must be considered. It is possible to observe FGS microtubules as a mix of gold and silver nanoparticles that exhibit better properties and stronger SERS signals than FG samples composed of exclusively gold. The signals obtained using the FGS microtubules with AuNPs and AgNPs were one order of magnitude stronger than that obtained with the FG substrates, possibly because of the presence of a higher concentration of hot-spots formed by the irregular silver nanoparticles, which increased the average SERS intensity [20] . Evidently, the surface roughness of the FGS improved the quality of the SERS signal, and silver nanoparticles may provide higher SERS enhancement than gold nanoparticles [54] , which perhaps contributed to the improved quality of the spectra obtained using FGS substrates. However, the presence of gold nanoparticles is of equal importance since it is well known that the observed enhancement of thiophenolate, among other effects, depends also on the gold content [55] .
Conclusions
Studies in the field of hybrid materials can be directed toward understanding the funginanoparticle interface for the construction of different structures using colloidal nanoparticles as building blocks. Our strategy was demonstrated to be an innovative method to fabricate stable self-assembled structures of gold (FS) and gold-silver (FGS) nanoparticles using the filamentous fungus Cladosporium sphaerospermum as a biotemplate with potential applications in biosensing via plasmon-enhanced Raman spectroscopy. The FG microtubules fabricated exclusively with AuNPs showed a uniform morphology and a smooth surface that could be reproduced on a large scale with a controlled thickness by adjusting the initial concentration of AuNPs. However, the FGS microtubules, which were obtained in two steps by the deposition of AgNPs on the surface of FG microtubules, exhibited a much rougher surface with superior potential as a substrate for surface-enhanced Raman spectroscopy. Figure S8 : SEM images of microtubules obtained using fungi Cladosporium sphaerospermum as biotemplates for the self-assembly of gold nanoparticles showing the wall thickness with 80 nm of the microtubule, Figure S9 : SEM images of the fungus Cladosporium sphaerospermum recovered with multilayers of gold nanoparticles (a-d) in different regions and magnifications, 2D-mapping of the elements (e) Si and (f) Au, in false color related to the SEM image "d", Figure S10 : SEM images of microtubules obtained using fungi as biotemplates for the self-assembly of gold nanoparticles showing uniformity of shape, Figure S11 : SEM images and EDS with 2D-mapping of the elements Si, Ag and Au (false green, red and gray color, respectively) that compose the filamentous fungus Aspergillus aculeatus recovered with gold and silver nanoparticles. Hyphae were deposited on a silicon substrate, Figure S12 : Optical images of (a) the FS microtubules used as SERS substrates. The short lines on the images indicate the region analyzed and (b) their respective SERS spectra of the thiophenol are shown below and were obtained using a laser at 632.8 nm, Figure S13 : Optical images of (a) the FGS microtubules used as SERS substrates. The short lines on the images indicate the region analyzed, and (b) their respective SERS spectra of the thiophenol are shown below and were obtained using a laser at 632.8 nm, Figure S14 : Raman signal in 514.5 nm of benzene thiol reference spectra; Raman signal of benzene thiol neat and SERS of benzene thiol with silver nanoparticles.
